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respond to the presence of other cells over relatively long distances (e.g., ~100 mm, or ~10 cell-diameters) across extracellular
matrix (ECM) has been attributed to the strain-hardening behavior of the ECM. In this study, we explore an alternative hypoth-
esis: the fibrous nature of the ECM makes long-range stress transmission possible and provides an important mechanism for
long-range cell-cell mechanical signaling. To test this hypothesis, confocal reflectance microscopy was used to develop
image-based finite-element models of stress transmission within fibroblast-seeded collagen gels. Models that account for the
gel’s fibrous nature were compared with homogenous linear-elastic and strain-hardening models to investigate the mechanisms
of stress propagation. Experimentally, cells were observed to compact the collagen gel and align collagen fibers between neigh-
boring cells within 24 h. Finite-element analysis revealed that stresses generated by a centripetally contracting cell boundary are
concentrated in the relatively stiff ECM fibers and are propagated farther in a fibrous matrix as compared to homogeneous linear
elastic or strain-hardening materials. These results support the hypothesis that ECM fibers, especially aligned ones, play an
important role in long-range stress transmission.INTRODUCTIONA rapidly growing body of literature suggests that the
passive mechanical environment, e.g., the local viscosity
(1) and elastic modulus (2), impacts cellular function. For
example, substrate stiffness affects the rate and direction
of migration (3,4), focal adhesion (3), and stress-fiber
formation (5,6), as well as responsiveness to exogenous
growth factors (7) for cultured fibroblasts. The spreading
of smooth muscle cells is dependent on both the density
of surface ligands and the material’s compliance with
spreading favored on stiffer surfaces (8). Additionally,
neurons show increased neurite branching densities when
cultured on malleable substrates while glial cells, which
are normally cocultured with these neurons, do not survive
on soft substrates (9). Biomaterial stiffness also influences
the differentiation of mesenchymal stem cells (10), a cell’s
force generation (11), and its own stiffness (10,12).
Polyacrylamide (PA) gels are frequently used for studies
on the role of substrate stiffness because of the ability to
control its mechanical properties (2–11). Computational
modeling (13) and experimental studies (14,15) suggest
that cells grown on top of PA gels are responsive to their
local mechanical environment but cannot sense substrate
stiffness beyond ~20 mm away from the cell surface (16).
For example, when human mesenchymal stem cells
(hMSCs) are grown on a 70-mm-thick layer of PA adhered
to a glass slide, they respond to the stiffness of the PA,Submitted July 24, 2012, and accepted for publication February 12, 2013.
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0006-3495/13/04/1410/9 $2.00not the glass (10). Similarly, endothelial cells cultured on
PA gels appear to mechanically sense the presence of other
cells within 25 mm and respond by migrating toward nearby
cells, but they do not respond to those farther away (17). In
contrast to cells on PA gels, cells grown in or on extracel-
lular matrix (ECM) gels may be able to sense and propagate
mechanical signals over longer distances. For example,
hMSCs grown on type-I collagen gels appear to respond
to the stiffness of a glass slide through more than
1000 mm of collagen gel (18). Fibroblasts grown on fibrin
gels sense the presence of other cells up to 250 mm away
and respond by aligning themselves relative to one another.
Similarly, hMSCs cultured on fibrin gels have been shown
to sense other cells up to 450 mm away (19), while the
same cells on PA can only detect cells several tens of
micrometers away (13). In these recent experimental
studies, the ability of cells to mechanically sense rigid
substrates (e.g., a glass slide) and other cells over longer
distances in fibrin and collagen gels relative to short
distances in PA gels has been attributed to the strain-hard-
ening behavior of the ECM as opposed to the purely elastic
behavior of PA (18,19).
In other experimental studies, such as those by Vernon
and Sage (20) using in vitro models of capillary morphogen-
esis, a cell’s ability to sense a distant cell and migrate toward
it has been attributed to the propagation of mechanical
forces through the matrix. Others have suggested that direc-
tional migration of cells toward one another within fibrous
gels is a result of contact guidance (i.e., preferential migra-
tion of cells along the matrix fibers) (21). In vitro models
demonstrating the ability of cells to sense the presence ofhttp://dx.doi.org/10.1016/j.bpj.2013.02.017
ECM Fibers Enable Stress Transmission 1411and move toward other cells that are many cell diameters
away have been available since at least the 1930s (22,23).
While the overall phenomenon of cells effectively
sensing and moving toward one another is clear, the under-
lying mechanism has been vigorously debated since at least
the 1950s (24). Despite ongoing experimental work (10,13–
19,21,25,26) and others studies reviewed by Janmey and
Miller (27)), the debate over long-range sensing continues
and ‘‘whether this directed movement and growth result
from mechanical stresses (tension), the orientation of fibrin
strands caused by forces generated by the tissues or some
other mechanism is as highly controversial now as it was
60 years ago’’ (27). In experimental systems with fibrous
matrices, it is extremely difficult to decouple the relative
contribution of each potential mechanism. For example,
matrix fibers between distant cells align, which would
simultaneously allow for contact guidance, improved force
transmission, and the matrix to strain-harden. Further, it is
difficult to decouple the relative contributions of strain-
hardening and the presence of fibers to an observed cellular
response because biologically relevant fibrous materials
(e.g., ECM or cytoskeletal elements) are also strain-hard-
ening (19,28). To our knowledge, no efficient means to
experimentally decouple these factors has yet been
proposed.
In contrast to experimental systems, where it is difficult to
isolate the potential contribution of different mechanisms,
computational models allow for efficiently decoupling
various physical variables. Therefore, in this study we
have used confocal reflectance microscopy images of cells
and their surrounding network of collagen fibers to generate
finite-element models of stress transmission in fibrous
networks. The advantage of these computational simula-
tions is their ability to independently investigate the effects
of strain-hardening and the presence of fibers on the long-
range propagation of forces between cells. Simulation
results indicate that the fibrous nature of the collagen gel
as opposed to the strain-hardening material properties is
important for long-range stress propagation.MATERIALS AND METHODS
NIH-3T3 fibroblasts (ATCC, Manassas, VA) were seeded on ~40 mL bovine
collagen gels (Advanced Biomatrix, San Diego, CA) at a density of
32 cells/mm2, and allowed to compact and reorganize the collagen fibers.
Images of gels were collected at 4 h and 24 h postseeding using a model
No. LSM 510 confocal laser-scanning microscope (Carl Zeiss, Oberkochen,
Germany) configured to collect images in reflectance mode using a 63
objective and a 488-nm argon laser. Details on the processes used for cell
culture, collagen gel formation, and confocal microscopy and image anal-
ysis can be found in the Supporting Material.FIGURE 1 Two-dimensional model setup. (a) Fixed boundary conditions
with the ROI surrounded by soft nonfibrous material. (b) A uniform
contractile stress was imposed on the void simulating a contracting cell.
(c) A dense mesh was used to compute stress distributions in the fibers.Two-dimensional geometry modeling and
meshing
Thresholded microscopy images (software IMAGEJ; W. Rasband, National
Institutes of Health, Bethesda, MD) were converted from TIFF to DXFformatted graphics files using the software PRINT2CAD (BackToCAD
Technologies, Atlanta, GA). After smoothing the geometries using the
software SOLIDWORKS (SolidWorks, Concord, MA), DXF files were im-
ported into the COMSOL Multiphysics finite-element program (COMSOL
Multiphysics, Burlington, MA). Nonfibrous material, collagen fibers, and
cells were separately registered as two-dimensional solid geometry objects.
Thus, two-dimensional solid plane stress models with three subdomains
were built, based on their two-dimensional morphologies representing
fibroblasts seeded on top of type-I collagen gels with dimensions of
202 mm  202 mm; the thickness was set to be 10 mm. The combined
two-dimensional solid objects were meshed using quadratic triangular
elements in the program COMSOL Multiphysics (Fig. 1 c). The complex
two-dimensional geometries required a large number of triangular elements
to generate good quality meshes due to the curvature and roughness of the
contour of collagen fibers and cells. The meshes generally consisted of
422,000–762,000 triangular elements and ~1,670,000–3,050,000 degrees
of freedom. The degree of required mesh refinement was objectively deter-
mined using a convergence test, and results demonstrated that the default
mesh needed to capture the geometric features was sufficient for computing
accurate displacements.Material properties
To examine the effect of stiff collagen fibers versus a strain-hardening
matrix on long-range stress propagation, the ECMwas modeled using three
different assumptions:
Assumption 1. Fibrous material with two subdomains, i.e., collagen
fibers and nonfibrous material.
Assumption 2. Linearly elastic homogeneous nonfibrous material.
Assumption 3. Strain-hardening homogeneous nonfibrous material.
For these assumptions, the two-dimensional models of the collagen fiber
networks had several characteristics:
For Assumption 1, each intersection of collagen fiber segments was
assumed to be a crosslink (29), and modeled as a welded joint.
For Assumption 2, the collagen fibers, nonfibrous material and cell sub-
domains were assumed to be linearly elastic (neglecting the visco-
elasticity of collagen fibers and cells, as has been done in previous
studies (30–32)).
For Assumption 3, the material constants were chosen from the literature
for the collagen fibers (32,33), nonfibrous material (34–36) and cells
(28,37) (Table 1).
For the enhanced set of assumptions, that of a homogeneous ECM,
simulations were based on the same images but the moduli of the fiber-
and non-fiber-extracellular regions were assumed to be equal (E ¼ 42.6
Pa) and linearly elastic. For the third set of assumptions, the Young’sBiophysical Journal 104(7) 1410–1418
TABLE 1 Material properties chosen for collagen fibers,
nonfibrous material, and fibroblasts
Young’s modulus E (Pa) Poisson’s ratio nyy
Collagen fiber 300  106 0.45
Nonfibrous material 42.6 0.49
Fibroblasts 1000 0.49
1412 Ma et al.modulus was chosen to simulate the strain-hardening material seen in
collagen gels as outlined in Fig. S1 in the Supporting Material.Loading and boundary conditions
To investigate mechanical stress transmission, we focused on and created
models for images in which two cells were located ~100 mm apart (~10
cell diameters). We chose to simulate cell contraction of one cell (we
will call this the first cell) by imposing a centripetal stress on its
membrane while monitoring the resultant displacement, strain, and stress
fields on a second cell (we will call this the second cell) and in the
surrounding materials. This scheme was intended to provide a simplified
representation of the loading experienced by the cell and collagen gel
under the experimental culture conditions (38). Cell contraction was simu-
lated by applying an inward normal unit load on the boundary of the first
cell, a constant stress sn ¼ 1 Pa. Note that the first cell was modeled as a
void to allow precise loading of the surrounding material (see Fig. 1 b),
where n was the normal direction of the boundary. The 202 mm 
202 mm images of cells and ECM were defined as the region of interest
(ROI) for the simulations. To minimize the potential contribution of
edge effects, the ROI was surrounded by a linear elastic material with
the same properties as the nonfibrous material and with a width equal to
that of the ROI. The outer boundaries of this surrounding material were
held fixed (Fig. 1 a) and prevented rigid body motion of the system. A
small parameter study showed that increasing the width of the surrounding
region did not influence the results in the ROI. Using the chosen width for
the linearly elastic boundary, the computational results for idealized
circular cells embedded in a homogeneous linear elastic matrix matched
the analytical solution, as shown in Fig. S3.Solution procedures and postprocessing
Three sets of images were modeled for two different experimental condi-
tions: a cell pair (~100-mm apart) at 4 h and a similar cell pair at 24 h.
The models were solved as static problems after load application using
the program COMSOL (Vers. 3.5a and 4.3a). Postanalysis results for stress
distribution were obtained using COMSOL’s postprocessing features. All
calculated values were compared across models using the same conditions
to explore differences in the stress transmission to the second cell.FIGURE 2 Confocal reflectance (b and d) and differential interference
contrast (a and c) microscopy images of cell-seeded type-I collagen gels
showing pairs of nearby cells at 4 h (a and b) and 24 h (c and d).Characterization of stress on the boundary of the
unloaded cell
To examine stress transmission, we characterized the normal and tangential
stresses on the boundary of the unloaded second cell; stress components on
the boundary of the second cell were obtained from COMSOL postprocess-
ing features. Normal and tangential stresses on the boundary of the second
cell were calculated using the equation (39)
sn ¼ sxn2x þ 2txynxny þ syn2y
st ¼ sxt2x þ 2txytxty þ syt2y
; (1)
where nx and ny were x, y components of the normal vector, and tx and ty
were x, y components of the tangential vector.Biophysical Journal 104(7) 1410–1418Statistical analysis
One-way ANOVA was used for comparison of results between more than
two groups with p < 0.05 considered as being statistically significant.RESULTS
Experimental results
Images taken 4 h after seeding fibroblasts on top of collagen
gels revealed relatively circular cells (Fig. 2 a) and collagen
fibers distributed evenly with little evidence of a preferred
direction of fiber alignment (Fig. 2 b). In contrast, by
~24 h after seeding, fibroblasts had elongated (Fig. 2 c)
and reorganized the collagen fibers leading to areas of
higher fiber density near the cells, with highly aligned
collagen fibers in the area between the cells (Fig. 2 d).
The reorganization observed one day after seeding was
similar to observations reported by Stevenson et al. (38)
and Vader et al. (40).Computational results
Stresses developed during centripetal contraction by a single
cell (the ones on the tops of the images) were assessed by
performing simulations based on images of two nearby cells
on top of the collagen gel. For simulations based on images
of the cells and collagen fibers taken 4 h after seeding,
stresses were concentrated in fibers near the contracting
cell (Fig. 3 a); after 24 h, stresses were transmitted through
aligned fibers between the two cells that were ~120 mm
apart (Fig. 3 d). In contrast, for simulations based on the
FIGURE 3 First principal stress plots show the
mechanical inhomogeneity feature of gels, that
contained a cell pair, which were remodeled to
different extents with fibrous material (a and d),
homogenous materials (b and e), and homogenous
materials with nonlinear strain-hardening proper-
ties (c and f) at 4 h (a–c) and 24 h (d–f). The con-
tracting cells are on the topside in the images. The
unit of stress is Pa. The color bar is from 0 to 1 Pa.
(White) Any stress value that exceeds the largest
value in the color bar. (Green, manually colored)
Contracting cells. (Cyan, manually colored) The
second cells.
FIGURE 4 Higher first principal stresses were transmitted to the second
cell through fibrous material (closeup view of the second cell with fibrous
material (a)) than through strain-hardening (b) materials at 24 h. The color
scale for both plots is 0–1 Pa. (White) Any stress value that exceeds the
largest value in the color bar. (Cyan, manually colored) The second cells.
ECM Fibers Enable Stress Transmission 1413same images in which the moduli of the fiber and sur-
rounding matrix regions were set to be equal (E ¼ 42.6 Pa)
and linearly elastic (i.e., homogenous conditions), peak
stresses around the cell were much lower and decayed
quickly with distance from the cell (Fig. 3, b and e).
Changing the matrix properties to a strain-hardening mate-
rial with a stress-strain relationship based on analysis of
experimental measurements for collagen (see Fig. S1) did
not visibly change the calculated stresses (Fig. 3, c and f)
from that of the linearly elastic material.
Fig. S5 shows a closeup view of Fig. 3 d and focuses on
a contracting cell with fibrous material at 24 h. Both figures
show that stresses are focused into concentrated stresses in
the stiff fibers rather than in the surrounding matrix. The
magnitudes of stresses in fibers attached to the contracting
cell were thus even greater than the stress applied to the
boundary of the contracting cell (1 Pa). Note that this level
of applied stress gave a local cell boundary displacement
up to 1.3 mm, consistent with experimental results of
Yang et al. (41).
The close-up view of the second, noncontracting cell with
fibrous material shows that stresses are concentrated in the
fibers, whereas models without fibers—including material
with strain-hardening properties—do not have stress
concentrations around the second cell (Fig. 4). Fig. 5 shows
the normal and tangential stress distribution on the boundary
of the second cell. With fibrous material in the ECM, the
normal and tangential stress distribution presented
a complex pattern with several spikes or bursts of spikes cor-
responding to the connections between cell boundary and
fibers. When the ECM was modeled as homogeneous,
with either linear elastic or strain-hardening properties, the
stress patterns were substantially smaller and smoother—
they are indistinguishable when plotted on the scale needed
to display the results with fibers. Analysis of data similar to
that shown in Fig. 5 for all three models indicated that thenormal and tangential stress gradients on the boundary of
the second cell were up to four orders greater with fibrous
ECM than nonfibrous ECM at both 4 and 24 h (Fig. 6).Biophysical Journal 104(7) 1410–1418
FIGURE 5 Plot of normal (a) and tangential (b)
stresses on the boundary of the second cell. The
scale required to show the peaks for the fibrous
ECM (from 1 to þ3 Pa) makes the results from
the homogeneous and strain-hardening ECM indis-
tinguishable; their absolute values were<0.006 Pa.
1414 Ma et al.There were significant differences in maximum normal and
tangential stress gradients between fibrous and strain-hard-
ening ECM both at 4 h (p ¼ 0.004 and 0.002, respectively)
and 24 h (p ¼ 0.011 and 0.017, respectively), and between
fibrous and homogeneous ECM both at 4 h (p ¼ 0.003
and 0.002, respectively) and 24 h (p ¼ 0.008 and 0.012,
respectively).
Peak normal and tangential stresses on the boundary of
second cells in models with fibrous material were greater
than in models with nonfibrous material using either linear
elastic or strain-hardening properties. With fibrous ECM,
the peak normal and tangential stresses on the boundary of
the second cell were up to 10 times the applied stress at
24 h; while with nonfibrous material, the peak normal and
tangential stresses on the boundary of the second cell were
only 25% of applied stress. At 4 h, the peak normal stress
on the boundary of the second cell was up to 140% of stress
applied to the first cell, and the peak tangential stress on the
boundary of the second cell was up to 50% of applied stress.
With nonfibrous ECM, the peak normal and tangential stress
on the boundary of the second cell was only 2% of applied
stress (Fig. 7, a and b). At 24 h, mean normal and tangentialBiophysical Journal 104(7) 1410–1418stresses on the boundary of the second cell with fibrous
ECM were up to three times greater than that with nonfi-
brous materials. At 4 h, mean normal and tangential stresses
on the boundary of the second cell with fibrous ECM were
comparable with nonfibrous materials (Fig. 7, c and d).
There were significant differences in maximum tangential
stress between fibrous and strain-hardening ECM both at
4 h (p ¼ 0.006) and 24 h (p ¼ 0.029) and between fibrous
and homogeneous ECM both at 4 h (p ¼ 0.004) and 24 h
(p ¼ 0.02). There were significant differences in maximum
normal stress between fibrous and strain-hardening ECM at
4 h (p ¼ 0.029), and between fibrous and homogeneous
ECM at 4 h (p ¼ 0.02).
Our image-based models did not show a significant differ-
ence between the homogeneous material property and the
strain-hardening material property. To test whether
a different strain-hardening material could lead to an
increase in stress propagation, we varied parameters a, b,
and c from Eq. S2 in the Supporting Material and tested
them using an idealized geometry described in Fig. S2.
Details about the parameter ranges tested can be found in
the Supporting Material. As a measure of the amount of
FIGURE 6 Plots of normal (a) and tangential (b) stress gradients on
the boundary of the second cell for all three cases (mean 5 SD, n ¼ 3).
p < 0.05 is considered statistically significant.
ECM Fibers Enable Stress Transmission 1415strain-hardening present in a specific run, we calculated the
ratio of Young’s modulus at the first cell boundary versus the
Young’s modulus at the second cell boundary. Fig. 8 shows
the mean normal stress on the second cell versus the
modulus ratio for all 125 combinations of parameters. Stresstransmission of all strain-hardening materials was less rela-
tive to the amount of strain-hardening that occurred in the
simulation. Stress transmission for strain-hardening mate-
rials was never greater than the stress transmission for the
homogeneous case. These studies indicate that the inability
of the collagen strain–hardening material property to
increase stress transmission in our image-based computa-
tional models is not due to the specific numerical values
we chose for the strain-hardening material or boundary
conditions.DISCUSSION
The results presented in this study suggest several possible
mechanisms by which fibers could enhance the transmis-
sion of mechanical signals between cells. Our results
show that centripetal contraction of a cell in a fibrous mate-
rial with fibers that connect it to a second cell located
~100 mm away can focus stresses into the stiff fibers and
lead to a local increase in fiber stress near the first cell
boundary that can be higher than the applied stress. Stress
concentration in fibers could explain the higher peak
stresses and stress gradients observed on the surface of
the second cells. The increase in stress gradients is note-
worthy because previous researchers have shown that stress
gradients play an important role in cellular mechanotrans-
duction (42–44). Specifically, at 24 h when the collagen
fibers are aligned, the cell-contraction derived-stress is pref-
erentially directed toward the second cell—this does not
occur at 4 h before the fibers are aligned or if a mechanically
homogenous matrix is used in the simulations. The stress
concentration and higher peak stresses and stress gradients
in fibrous materials were consistently found across simula-
tion models.FIGURE 7 Plot of peak normal stress (a), peak
tangential stress (b), mean normal stress (c), and
mean tangential stress (d) on the boundary of
the second cell for all three cases (mean 5
SD, n ¼ 3). p < 0.05 is considered statistically
significant.
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FIGURE 8 Mean normal stress on the second cell boundary versus the
Young’s modulus ratio (Young’s modulus at the first cell boundary divided
by the Young’s modulus at the second cell boundary) for all combinations
of parameters a, b, and c in the four-paramenter Hill curve (Eq S2). (Dotted
line) Value for a homogeneous material property.
1416 Ma et al.Previous investigators have suggested that the strain-
hardening properties of the fibrous materials such as
collagen and fibrin gels might be responsible for long-range
mechanical communication in these systems (18,19). A
major advantage of the finite element calculation for cell-
matrix mechanical interactions presented here is that it
allows for decoupling contributions of the fibers and
strain-hardening. As shown in Fig. 3, in this study we inves-
tigated this possibility by first specifying homogenous
strain-hardening material properties mimicking collagen.
Relative to a linear elastic homogeneous material, this
strain-hardening material did not alter the amount of stress
or stress gradients present at the second cell. It is possible
that the strains in our experiments and/or simulations may
not have been great enough to elicit increased stress trans-
mission via strain-hardening, or perhaps, if another strain-
hardening substrate were used, stress transmission would
increase. To address these possibilities, we conducted an
extensive parameter variation study in which the parameters
of the homogeneous strain-hardening material model were
altered to capture a wide range of material behaviors over
a wide range of strain values (see Fig. S4). For all combina-
tions of parameters and therefore material behaviors simu-
lated, the stress at the boundary of the second cells was
always less than or equal to the value for the case of a linear
elastic material. This suggests that the conclusion that
isotropic strain-hardening does not increase force propaga-
tion to the second cell is very robust. Fibers appear to be
the essential element for the long-range transmission of
stress in the simulated ECM models. Finally, we also per-
formed a small study where just the fibers themselves
were allowed to strain-harden, based on data from a study
of isolated collagen fibers (33). Including the strain-hard-
ening properties had a negligible (105 Pa) effect on theBiophysical Journal 104(7) 1410–1418mean normal stresses on the boundary of the second cell
compared to the linear elastic fiber properties used for the
analyses presented here.
Our finite element study of cell-matrix interactions used
geometries of the collagen fibers and cells based on their
in vitro morphologies. Several previous finite element
studies of mechanical interactions between cells and
substrates used homogeneous substrates and idealized cell
geometries (45,46). While there is at least one report where
images of collagen fibers were used as the basis of computa-
tional simulations of the deformation of cell-free collagen
gels to externally applied loads (47), we believe that we
are the first to use image-based models to understand
cell-matrix interactions. In our image-based models of
cell-matrix interactions, we made several simplifying
assumptions. We assumed uniformly distributed contractile
stress on cell membrane and continuous adhesions between
the cell and the ECMdespite evidence of variation in stresses
and adhesion on the subcellular length scale (48). While this
assumption might significantly influence the predicted
values close to the contracting cell, it should have less influ-
ence farther away from the contracting cell (e.g., at the
second cell, which is ~100 mm away). In addition, in our
models, collagen fibers were assumed to be in their
unstressed state when imaged 4 or 24 h after seeding the
cells. This appears to be a reasonable first approximation
given the viscoelastic nature of type I collagen gels and the
modest (but clearly nonzero) recoil observed in such gels
that have begun to compact if cellular contraction is inhibited
(49). To more accurately account for the zero-stress state of
the collagen fibers, time-lapse microscopy could be used to
follow the displacement of fibers from the time that cells
are initially seeded. Such time-lapse microscopy could also
give insight into the best way to model fiber-fiber interac-
tions. In our model, these are assumed to be welded (i.e.,
physically cross-linked); others have modeled them as
torsional springs (47), but sliding of fibers that appear to
be in contact might also occur. In our two-dimensional
models, connected fibers acted more like a frame structure
than as a net, as has been proposed by Wolinsky and Glagov
(50). As a result, there were substantial compressive stresses
in some regions with multiple-connected fiber segments. In
real collagen networks, substantial compressive loads are
unlikely to occur as the individual fibers are ~100–
1000 nm (51,52). In our image-based modeling, we consid-
ered contiguous regions with a fluorescent intensity greater
than the threshold as a single collagen fiber, even if their
diameter suggested that the image actually consisted of
multiple thinner fibers. Higher resolution of microscopic
images would make possible the modeling of individual
collagen fibers. In this work, we considered a two-dimen-
sional plane stress finite-element model based on a single
confocal microscopy plane, which may be an appropriate
first approximation for cells grown on the two-dimensional
surface of a three-dimensional collagen gel. Future work
ECM Fibers Enable Stress Transmission 1417could account for the three-dimensional nature of the fibrous
gel; contemporary limitations motivate the need for detailed
study of the fiber interaction issues in future models. Finally,
in our simulations we considered a wide range of the
isotropic strain-hardening cases but never observed a signif-
icant affect of stress propagation to the second cell. It is
possible that relative to isotropic cases, anisotropic strain-
hardeningmight yield increased stress propagation, although
based on the several models we ran with strain-hardening in
the fibers themselves—a form of anisotropic hardening—we
saw very little effect on stresses at the second cell boundary.
Recognizing the role of ECM fibers on stress transmis-
sion gives insight into the selection of biomaterials for
tissue-engineering applications. Especially relevant are
cases with cells seeded on or in a biomaterial that are ex-
pected to organize and form multicellular structures, e.g.,
microvascular networks (53,54) and islet-like cell clusters
(55,56). For example, initially isolated endothelial cells
form microvascular networks in collagen (20,57–59) but
they do not do so within Matrigel (BD Biosciences, Franklin
Lakes, NJ) which lacks a stromal ECM fiber structure (60).
Endothelial cells within PEG hydrogels functionalized with
RGD, VEGF, and a MMP-degradable motif form intercon-
nected, elongated structures, though the cells do not appear
as elongated or interconnected as observed for endothelial
cells in collagen gels or in vivo (61). Because PEG chains
exhibit a random coil structure, as opposed to the fibrous
structure of collagen, one might expect that PEG would
not support the long-range fiber-mediated directional force
propagation thought to be crucial for MVN formation in
collagen gels (58,59). Consistent with this notion, endothe-
lial cell density used in these studies with PEG gels was 30-
fold greater than typically used for collagen gels, suggesting
that higher cell densities and hence decreased intercellular
distances might have been necessary to compensate for
the impaired ability to transmit forces over long dimensions
in nonfibrous materials.
Taken together, these results suggest that fibrous mate-
rials such as stromal ECM, concentrate stresses in their
fibers but that this concentration of stresses, per se, is not
adequate to account for the enhanced stress transmission
to nearby cells, which appears to require the alignment of
fibers. Treating the ECM as a homogenous isotropic
strain-hardening material could not account for the
increased stress transmission—suggesting an important
role for the fibers themselves. The ability of fibers to facil-
itate the transmission of stresses over distances greater than
several cell diameters likely impacts cell-cell (62) and cell-
interface (63) interactions and should be considered in the
design of biomaterials.SUPPORTING MATERIAL
Materials, methods, results, and five figures are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(13)00207-5.This work was supported by National Science Foundation grant No. NSF-
CMMI-0928739 and the Edgar C. Hendrickson Fund at The Ohio State
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